Improving kinetic modeling of nitrification in rivers is of growing importance due to yearly increases in the anthropogenic release of nitrogen into rivers around the world. The use of water quality models can abate the expense of water quality monitoring while enabling the user to predict trends of variation. Data collected from a series of laboratory kinetic experiments were used to calculate the rate of nitrification in the Rideau River, Canada, and modify nitrification algorithms used in the traditional water quality model Qual2E. The modified model relates the reaction rate coefficients with a simple biomass concentration measurement of volatile suspended solids (VSS) in the river and subsequently introduces biomass growth functions directly into the kinetic algorithm. Furthermore, this modified model includes a nitrate-nitrogen assimilation pathway. The modified model demonstrates an improved correlation to nitrogen parameters observed in river water samples compared with the classical water quality model Qual2E. The inclusion of bacterial concentrations based upon the simple measurement of VSS plays a critical role in the reactions of the nitrification system and nitrate-nitrogen assimilation is an important pathway at low ammonia-nitrogen concentrations.
INTRODUCTION
Human activities have significantly increased nitrogen inputs to rivers and watersheds (Vitousek et al. ; National Academy of Sciences ). Algal bloom responses to this increased release of nutrients have shown a devastating effect on surface water quality (Zhang & Zhang ; Nakano et al. ; O'Neil et al. ) . This is of significant concern to the Rideau River, Canada, where climate change models have predicted an increased occurrence of storm events and subsequent increased risk of large runoff events and eutrophication (Zhang et al. ; Schernewski ) . Eutrophication of natural waters deteriorates dissolved oxygen (DO) concentrations, kills aquatic life and generates odors and phytotoxins in rivers, lakes and estuaries (Zhang et al. ) . The improvement and subsequent validation of current water quality models are imperative tools necessary to address, predict and help restrict eutrophication events.
The flow diagram shown in Figure 1 shows the biologically mediated nitrification pathways that occur between the mineralized forms of nitrogen in natural waters. Figure 1 demonstrates that ammonia oxidation to nitrate is a two-step process, where the first step is mediated by ammonia oxidizing bacteria (AOB) that produce nitrite and the second step is mediated by nitrite oxidizing bacteria (NOB) that oxidize nitrite to nitrate. Although nitrification occurs as a two-step process, a single first-order relationship has been previously Kannel et al. ) . Recent studies using a single-step nitrification model are often based upon the Di Toro and Connolly model:
where k n ¼ nitrification rate coefficient at 20 W C (time À1 ); θ n ¼ temperature coefficient (dimensionless); T ¼ temperature (Kelvin); DO ¼ dissolved oxygen (mass volume À1 );
K nit ¼ half saturation constant for oxygen limited growth (mass volume À1 ); C NH4þ ¼ ammonia concentration (mass volume À1 ). Note that ammonia or NH 4 þ -N are used in this text to refer to the sum of the NH 4 þ -N and NH 3 -N that exists in the water. Although the traditional single-step model has been widely used in recent studies (Lindensch- 
MATERIALS AND METHODS

Model development and description
The modified nitrification model developed in this study is denoted as Model B and it is based upon a two-step nitrification reaction, where the oxidation of ammonia to nitrite The bacterial biomass concentration was correlated to the rate of change of organic nitrogen and to two newly introduced parameters, the weight fraction of nitrogen in the bacterial biomass ( f B ) and the specific growth rate (μ n ).
The Model B equations are as follows:
, θ ¼ fraction of nitrogen uptake from nitrate pool, B ¼ bacterial biomass concentration as VSS (mass-cells volume À1 ), f B ¼ weight fraction of nitrogen in bacterial biomass and μ n ¼ specific growth rate (mass-new-cells massexisting-cells À1 time À1 ).
Equation (4) was used to calculate a specific growth rate of 0.0044 h À1 for the bacterial biomass in the Rideau River.
The weight fraction of nitrogen in the Rideau River biomass was calculated using Equation (5) to be 0.0069 mg N/mg cells. The results of these values were used in Equation (3) above.
Furthermore, the kinetic rate coefficients were calculated in Model B by using the following equations:
where C 1 ¼ ammonia oxidation biomass concentration factor (mass-cells À1 time À1 ) and C 2 ¼ nitrite oxidation biomass concentration factor (mass-cells À1 time À1 ). The least squares method and Euler's method were combined to optimize Model B by minimizing the differences between the experimental results measured in the laboratory and the respective models while determining: (i) the concentration factors in Equations (6a) and (6b) and thus the respective rate coefficients; and (ii) the fraction of nitrogen uptake from the nitrate pool (θ) used in Equations (3a) and (3c).
Laboratory batch experiments
Two series of bench-scale batch reactor experiments were studied to: (i) develop and calibrate a modified biochemical conversion nitrification module; and (ii) quantify the rate of nitrification in the Rideau River and validate the modified nitrification module for the Rideau River ( Figure 2 ). The calibration experiments incorporated the operation of two batch reactors. The first reactor was fed with Rideau River water, was spiked with ammonia to elevate the ammonia concentration to 1.5 mg/L NH 4 þ -N and was aerated throughout the experimental phase to maintain a DO concentration above 5 mg/L. This reactor was operated parallel to a control reactor that was fed with the same spiked Rideau River water sample and was autoclaved to prevent microbial activity. The control reactor was aerated at the same rate of aeration as the first reactor to confirm that the aeration did not cause ammonia stripping in the reactors and that no other pathways of ammonia removal, other than biologically mediated oxidation, were significant in the laboratory reac- Tekmar, Ohio) and the Org-N content of the sample was calculated using Equation (7). TP samples were measured using standard method 4500-P D (DR5000 HACH, Colorado).
The microbial growth of the nitrifiers was estimated by measuring VSS of the water.
RESULTS AND DISCUSSION
Model calibration experiments
The first set of laboratory reactors were spiked with ammonia and the subsequent experimental results were used to develop and calibrate Model B. Model coefficients of ammonia oxidation biomass concentration factor (C 1 ), nitrite oxidation biomass concentration factor (C 2 ) and fraction of nitrogen uptake from nitrate pool (θ) were calibrated and are shown in Table 1 Early peaking and long tailing of NO 2 À -N concentrations were predicted by both models (Figure 3(b) specifically showing an improved correlation at moderate and higher nitrate concentrations (Figure 3(c) ). Particularly, Model B showed an ability to predict the NO 3 À -N concentration increase observed between 200 and 400 h and the subsequent slowed rate of increase after 500 h. the uptake of nitrate-nitrogen from the nitrogen uptake pool was a value of zero (θ ¼ 0) as the synthesis of ammonia-nitrogen is thermodynamically preferential compared with nitrate-nitrogen.
Model A is not able to simulate changes in Org-N concentrations as no bacterial activity equations are included in the model (Equation (4)); consequently constant values are displayed as the overall modeling result (Figure 3(d) ). 
The inclusion of the bacterial growth equations in
Sensitivity analysis
Sensitivity analyses were performed for Model B to evaluate the sensitivity of the model results to the change in six main parameters of the model: biomass concentration factors (C 1 and C 2 ); fraction of nitrogen uptake from nitrate pool coefficient (θ); growth rate coefficient (μ n ); initial bacterial biomass concentration (B); and the weight fraction of nitrogen in bacterial biomass ( f B ). Each coefficient was changed by a factor of two (e.g. C 1 was changed to 2C 1 and 0.5C 1 ) and the subsequent changes in the model predictions for nitrogen constituents were monitored (Table 2) . NH 4 þ -N was found to be moderately sensitive to C 1 , μ n and initial B. Note that in Model B, NH 4 þ -N is not directly related to coefficient C 2 which governs the oxidation process from NO 2 À -N to NO 3 À -N. Therefore, the concentration of NH 4 þ -N is not very sensitive to the change in C 2 . The nitrogen components NO 2 À -N and NO 3 À -N are sensitive to the changes of all parameters as they are intermediate products in Model B, with the concentration of NO 2 À -N being the most sensitive to the change of coefficients. The concentration of Org-N is found to have the lowest sensitivity to C 1 , C 2 and θ as Org-N is a function of μ n and the initial bacterial biomass concentration (B) and is therefore not directly related to C 1 , C 2 and θ. It should be noted that the sensitivity analysis simulations were terminated when the concentration of any of the nitrogen components became zero. þ -N and the production of NO 2 À -N and NO 3 À -N as the mass balance error was less than 7%.
In addition to using the second phase of laboratory experiments to quantify the rates of nitrification in the (Table 3) .
Reactors 1 and 2 showed repeatable nitrogen constituent concentrations in the two reactors throughout the entire experimental phase (Figures 4 and 5) . Figure 5(a) ).
Early peaking and long tailing of NO 2 À -N concentrations were predicted by both models (Figures 4(b) and 5(b)).
These curve attributes did not correspond well to the observed experimental data and as such the correlation between the simulated results and the experimental data was not significant for either model. Model A corresponded slightly better to the experimental data for both reactors (R 2 ¼ 0.005(R1) and 0.26(R2)) than the respective correlation between Model B and the data (R 2 ¼ 0.004(R1) and 023(R2)). Although the correlation between Model A and the data was better, the peak concentration of nitrite for both reactors was overestimated. Specifically, Model A predicted a significantly amplified peak for R2. Figures 4(c) and 5(c)). The slight decrease in the nitrate experimental data in both reactors occurs as the ammonia concentration drops to zero in the 
